Coincident Detection of CSF Na+ and Osmotic Pressure in Osmoregulatory Neurons of the Supraoptic Nucleus  by Voisin, Daniel L et al.
Neuron, Vol. 24, 453±460, October, 1999, Copyright 1999 by Cell Press
Coincident Detection of CSF Na1 and Osmotic
Pressure in Osmoregulatory Neurons
of the Supraoptic Nucleus
fluid (CSF) osmolality essentially result from the propor-
tional variations in CSF [Na1] that occur as water mole-
cules are transferred across the blood±brain barrier.
Based on experiments involving intracerebral solute in-
jections, Andersson (1971) eventually proposed that
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central Na1 detectors, rather than osmoreceptors, might1650 Cedar Avenue
be responsible for the control of VP release. In an at-MontreÂ al, QueÂ bec H3G 1A4
tempt to resolve this controversy, a series of complexCanada
in vivo experiments ensued that involved intracerebro±
ventricular and intravascular infusions, with simultane-
ous monitoring of renal function and/or hormone re-Summary
lease, as well as sampling and analysis of plasma and
CSF electrolytes (for review, see McKinley et al., 1985).Behavioral and neuroendocrine responses underlying
Ultimately, these studies provided conclusive evidencesystemic osmoregulation are under the concerted
that VP release can in fact be regulated by changes incontrol of centrally located osmoreceptors and cere-
either osmolality (e.g., Thrasher et al., 1980) or CSF [Na1]brospinal fluid (CSF) Na1 concentration ([Na1]) detec-
(e.g., Olsson and Kolmodin, 1974). Concerted changestors. Although the process underlying osmoreception
in these parameters, however, enhance the magnitudeis understood, the mechanism by which [Na1] is de-
of secretory responses, whereas opposite changes at-tected and integrated with cellular information derived
tenuate or occlude the responses. For example, McKin-
from osmoreceptors is unknown. Here, we show that
ley et al. (1978) showed that VP release during an in-
shifts in extracellular [Na1] ([Na1]o) cause proportional crease in osmolality is enhanced by a concomittant
changes in the relative Na1 permeability of mechano-
increase in CSF [Na1] but is reduced, or abolished, by
sensitive cation channels responsible for signal trans-
provoking a coincidental CSF hyponatremia. Neurohy-
duction in the osmosensory neurons of the supraoptic pophysial secretion, therefore, is functionally under the
nucleus. This effect causes the generation of Na1- dual control of centrally located osmoreceptors and Na1
specific receptor potentials under isotonic conditions detectors (Olsson and Kolmodin, 1974; McKinley et al.,
and modulates osmoreceptor potentials and electrical 1978, 1985, 1987; Thrasher et al., 1980).
responsiveness during osmotic perturbation. These Although the concerted regulation of neurohypophys-
results provide a cellular basis for Na1-sensing and ial VP release by changes in CSF [Na1] and osmolality
for the coordinated detection of CSF [Na1] and osmo- clearly provides optimal control for osmoregulation
lality in central osmoregulatory neurons. (McKinley et al., 1985, 1987; Bourque et al., 1994), the
mechanisms underlying central Na1 reception and coin-
Introduction cidental detection of CSF [Na1] and osmolality remain
obscure. Since analogous issues are essentially un-
The maintenance of a stable osmolality and Na1 concen- solved for all other systemic osmoregulatory responses
tration ([Na1]) in the extracellular fluid is essential for as well (e.g., thirst [Thornton et al., 1985], natriuresis
life and is achieved in part via the regulation of vasopres- [Jandhyala and Ansari, 1986], and salt appetite [Black-
sin (VP) release from the neurohypophysial axon termi- burn et al., 1993]), clarification of the mechanisms under-
nals of magnocellular neurosecretory cells (MNCs) lo- lying the concerted regulation of MNCs by changes in
cated in the hypothalamus (Leng et al., 1992; Bourque CSF osmolality and [Na1] would provide important new
et al., 1994). In his classic studies on dogs, Verney (1947) insights for our understanding of the neural basis of
first suggested that during systemic osmotic perturba- body fluid homeostasis (Denton et al., 1996).
tions, VP secretion is regulated by changes in osmolality Previous experiments on MNCs acutely isolated from
adult rats have shown that these cells are depolarizedrather than by the concentration of any particular solute
by increases in osmolality and hyperpolarized by hypo-in the plasma. Based on these observations and on
osmolality. These responses occur in the absence ofthe effects of central lesions, vascular ligations, and
changes in extracellular [Na1] ([Na1]o) and are due todifferential solute infusions, it was hypothesized that
the volume-dependent regulation of stretch-inactivatedVP release is specifically regulated by centrally located
cation (SIC) channels (Oliet and Bourque, 1993a). In situ,osmoreceptors (Verney, 1947). Regardless of the solute
interactions between intrinsic osmoreceptor potentialsinfused to provoke an artificial systemic osmotic stimu-
and changes in synaptic drive play an important role inlus, however, corresponding changes in cerebrospinal
the regulation of firing frequency (Bourque et al., 1994;
Richard and Bourque, 1995; Bourque, 1998) and firing
² To whom correspondence should be addressed (e-mail: mdbq@ pattern (e.g., Bourque et al., 1998) and in the control of
musica.mcgill.ca). VP release from the neurohypophysis (Leng et al., 1989).³ Present address: Laboratoire de Physiologie Oro-Faciale, FaculteÂ
Although these findings have provided information onde Chirurgie Dentaire, 11 Boulevard Charles de Gaulle, 63000 Cler-
how changes in osmolality regulate MNCs, the basis formont-Ferrand, France.
the Na1-dependent modulation of VP release remains§ Present address: Montreal Neurological Institute, 3801 University
Street, MontreÂ al, QueÂ bec H3A 2B4, Canada. unknown. In the present study, we sought to determine
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if MNCs are intrinsically capable of detecting changes
in [Na1]o in the absence of osmotic perturbations. Our
results indicate that changes in [Na1]o induce propor-
tional changes in relative Na1 permeability across the
mechanosensitive conductance underlying osmorecep-
tion, thereby providing a cellular basis for the coordi-
nated detection of [Na1] and osmolality in the extracellu-
lar fluid in central osmoregulatory neurons.
Results
Whole-cell patch-clamp recordings were obtained from
MNCs acutely isolated from the supraoptic nucleus of
adult rats as previously described (Oliet and Bourque,
1992, 1993a, 1993b, 1996). To determine if osmorecep-
tor neurons are also Na1 sensitive, we first examined if
there were differences in the responses of MNCs to
identical hypertonic stimuli (130 mosmol/kg) mediated
by the addition of either mannitol or NaCl. Under current
clamp (initial membrane potential 5 z265 mV), hyper-
tonic stimulation with excess NaCl was significantly
more potent than osmotically equivalent mannitol, both
when considering the number of action potentials
evoked in individual trials (102 6 23 versus 33 6 17,
n 5 6, p 5 0.014; Figures 1A±1C) and the amplitude of
underlying depolarizing receptor potentials (8.2 6 1.0
versus 5.0 6 0.8 mV, n 5 7, p 5 0.0014; Figures 1D±1F).
To determine if the underlying osmoreceptor current
(Iosm) was modulated by changes in [Na1]o, we compared
the effects of adding 30 mM mannitol during perfusion
with extracellular media containing either 105, 125, 145,
or 165 mM [Na1]. As shown in Figure 2A, current±voltage
(I±V) analysis indicated that hypertonic stimuli provoke
increases in slope conductance, as well as the appear-
ance of an inward current at membrane potentials near
rest (260 to 265 mV). Digital subtraction of I±V curves
recorded in control and hypertonic media also revealed
that Iosm is linear between 2100 and 220 mV and that
the reversal potential (Eosm) shifts in a positive direction Figure 1. [Na1]o Modulates Electrical Responses to Osmotic Stimulias [Na1]o increases (Figure 2B). Interestingly, the mean in MNCs
values of Eosm measured in the presence of 125, 145, (A) The top trace shows whole-cell voltage (,5 kHz) responses from
and 165 mM [Na1]o increasingly exceeded those pre- an isolated MNC following application of hypertonic stimuli (130
dicted from the mean Na1:K1 permeability ratio (PNa:PK) mosmol/kg for 30 s, initial voltage ≈265 mV; beginning at arrows)
consisting of excess mannitol (Man) and NaCl. The lower trace plotsthat prevailed at 105 mM (0.182; Figure 2C). In fact, the
the frequency histogram (bin width, 2 s) corresponding to the re-values of Eosm observed experimentally revealed that
cording shown above.the PNa:PK underlying Iosm increases as a function of the (B) Scatter plot showing the total number of spikes evoked in each
ambient [Na1]o (Figure 2D). Consistent with these obser- of six cells in response to a 130 mosmol/kg stimulus delivered as
vations, the mean amplitudes of Iosm, measured at 260 excess mannitol (open circles) or NaCl (closed circles). Solid lines
mV, were found to be progressively greater than those join data obtained from individual cells.
(C) Bar histograms comparing the mean (6 SEM) number of spikespredicted from the observed increases in osmotic con-
(relative to mannitol) evoked by the two stimuli in the six neuronsductance (Gosm) and from values of Eosm expected to
tested (asterisk, p , 0.05; paired t-test).prevail had PNa:PK remained fixed at 0.182 (Figure 2E). (D) The trace shows membrane voltage (,0.01 kHz, initial voltage ≈
Since mannitol-evoked increases in Gosm were not af- 265 mV) responses to local hypertonic stimuli applied as in (A).
fected by [Na1]o (Figure 2F), we can conclude that Iosm Action potentials are not present due to the presence of 0.5 mM
is specifically modulated by changes in [Na1]o in the TTX.
(E) Scatter plot of data pairs recorded from individual cells.absence of any effect on mechanotransduction.
(F) Comparison of the mean (6 SEM) depolarization (relative toTo confirm that the effects of changes in [Na1]o were
mannitol) observed in seven neurons tested with the two stimulimediated through a modulation of the permeability char-
(double asterisk, p , 0.001; paired t-test). The order in which the
acteristics of the ion channels mediating Iosm, we exam- stimuli were presented in these experiments varied from cell to cell.
ined the effects of different extracellular Na1 concen-
trations during cell-attached recordings from single
mechanosensitive cation channels pharmacologically
isolated as described previously (Oliet and Bourque,
Na1 Detection in Supraoptic Neurons
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Figure 2. Modulation of the Osmoreceptor
Current by [Na1]o
(A) Steady-state (16 mV/s) whole-cell I±V rela-
tions show the effects of 30 mM mannitol
(1mannitol) on four MNCs bathed in solutions
comprising different Na1 concentrations. The
value of [Na1]o is indicated above each con-
trol trace.
(B) The I±V relations of the osmotically evoked
currents (Iosm) recorded in various extracellu-
lar Na1 concentrations were resolved by digi-
tal subtraction of the traces shown in (A). Note
that the I±V relations are linear over the range
of voltages tested and that the reversal po-
tentials (Eosm; arrows) become more positive
as [Na1]o increases. Differences in the noise
level present in the traces shown in (A) and
(B) reflect differences in the number (n 5 1
to 4) of current traces averaged to produce
the I±Vs shown in (A).
(C) Plot of the mean (6 SEM) values of Eosm
(closed circles) measured in the presence of
the following [Na1]o (in mM): 105 (n 5 6), 125
(n 5 6), 145 (n 5 6), and 165 (n 5 2). The open
symbols and dotted line plot the values of
Eosm predicted by the Goldman equation, as-
suming that PNa:PK is fixed at 0.182.
(D) Values of PNa:PK required to fit the values
of Eosm plotted in (C). The dotted line shows
0.182.
(E) The closed bars show the mean (6 SEM)
amplitude of Iosm observed at 260 mV upon
hypertonic stimulation in the presence of dif-
ferent extracellular Na1 concentrations (same
cells as in [C]). The open bars show the mean
(6 SEM) current (I) predicted by the equation
I 5 Gosm(-60-EREV), where Gosm is the osmoti-
cally evoked change in slope conductance
(see [F] below), and EREV is the reversal poten-
tial predicted by the Goldman equation for
PNa:PK fixed at 0.182 (asterisk, p , 0.05).
(F) Bar histogram showing the mean (6 SEM) changes in Gosm (slope of the Iosm±V relation) evoked by the addition of 30 mM mannitol in the
presence of different extracellular Na1 concentrations (same cells as in [C] through [E]).
1993a, 1996). Because the purpose of these experi- observed during whole-cell recordings, the PNa:PK of the
single channels varied as a positive function of [Na1]oments was to obtain accurate measurements of the re-
versal potential (EREV) of the open channel current, we (Figure 3E), thereby confirming the Na1 dependence of
permeability at the single channel level.executed the recordings while simultaneously voltage-
clamping the membrane potential of the cell through a At the osmotic set point (≈292 mosmol/kg), the mech-
anosensitive cation conductance underlying osmore-separate (whole-cell) recording pipette (see inset in Fig-
ure 3A). This double-patch recording configuration was ception has been reported to contribute z60% of the
total membrane conductance that prevails at voltagesstably achieved in 11 MNCs for durations ranging be-
tween 3 and 12 min. As shown in Figure 3A, changes in near rest (Oliet and Bourque, 1993b, 1996). We hypothe-
sized, therefore, that isoosmotic variations in [Na1]ohydrostatic pressure inside the cell-attached recording
pipette could be used to modify the probability of open- might be capable of generating Na1-specific responses
at rest. As illustrated in Figure 4A, increasing [Na1]o froming of the recorded channels without affecting the
whole-cell current monitored through the other elec- 125 to 145 mM (while osmolality remained fixed at 290
mosmol/kg) evoked rapid and reversible membrane de-trode. Spontaneous or mechanically evoked channel ac-
tivity was then recorded over a range of potentials with polarizations when tested under current clamp (ampli-
tude 5 15.9 6 0.8 mV, n 5 4). Under voltage clamppipettes containing various Na1 concentrations (e.g.,
Figure 3B). Figure 3C plots the mean (6 SEM) open (VH 5 267 mV), increasing [Na1]o from 125 to 145 mM
provoked reversible inward current responses in eachchannel I±V relations recorded in the presence of 105
and 165 mM Na1. Although the difference in [Na1]o did of six cells tested (amplitude 5 221.7 6 6.6 pA; Figure
4B). Conversely, reducing [Na1]o from 145 to 125 mMnot significantly affect single channel conductance (z32
pS), the values of EREV measured at 125 and 165 mM was found to elicit outward current or membrane hyper-
polarization in two other MNCs. Since these Na1-spe-[Na1]o significantly exceeded those predicted by the
relative Na1 permeability of the channel that prevailed cific responses were obtained in the absence of osmotic
stimulation, we predicted that the underlying currentsin the presence of 105 mM [Na1]o (Figure 3D). As was
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Figure 3. Na1 Modulates the Permeability of
Mechanosensitive Cation Channels
(A) The inset illustrates the dual whole-cell
(w/c) and cell-attached (c/a) recording con-
figuration used in these experiments. The
traces to the right of the inset illustrate how
a change in cell-attached pipette pressure
was used to confirm the mechanosensitivity
of the single channels. Note that the simulta-
neously recorded whole-cell current (top
trace) is unaffected by the change in cell-
attached pipette pressure. The traces shown
in (1) and (2) are excerpts of the correspond-
ing cell-attached recordings shown above.
(B) Single channel events recorded from two
separate patches made with cell-attached pi-
pettes containing 105 mM (left) or 165 mM
(right) [Na1]. The patch potential (Vcell 2 VP;
see inset) is indicated next to each trace.
(C) Open channel I±V relations recorded in
the presence of 105 mM [Na1] (closed circles;
mean 6 SEM, n 5 5; slope, 31.6 pS; r 5 0.97)
or 165 mM [Na1] (open circles; n 5 4, except
for values at 15 and 115 mV, where n 5 3;
slope, 33.5 pS; r 5 0.99).
(D) Plot of the mean (6 SEM) single channel
reversal potentials (EREV) observed in the pres-
ence of different extracellular Na1 concentra-
tions (closed circles). Data distribution in dif-
ferent extracellular Na1 concentrations was
as follows: 105 mM, mean 6 SEM (n 5 5);
125 mM, mean 6 SD (n 5 2); and 165 mM,
mean 6 SEM (n 5 4). The open circles plot
the values of EREV predicted by the Goldman
equation for a channel with a PNa:PK fixed at
0.096, the value defined by the mean reversal
potential observed in the presence of 105 mM
[Na1]o under the ionic conditions of the dual-
patch recording configuration (see Experi-
mental Procedures).
(E) Values of PNa:PK required to fit the values
of EREV plotted in (D).
would not be associated with changes in membrane (10±20 mm Hg) to the recording pipette. As illustrated
in Figures 5A and 5B, this maneuver resulted in a signifi-conductance. Indeed, I±V relations obtained in the pres-
ence of increased [Na1]o were shifted inward, relative cant increase in the amplitude of the Na1-evoked cur-
rent, recorded at a membrane potential of 268 mV (p ,to control, but were not associated with changes in
slope (Figure 4C). The I±V relations shown in Figure 4D 0.05, paired t-test, n 5 4). In agreement with a physiolog-
ical role for the modulatory effect of cell volume, Na1-demonstrate that while isoosmotic increases in [Na1]o
(120 mM Na1, with osmolality constant at 290 mosmol/ evoked currents recorded at 268 mV were significantly
smaller (p , 0.05) when recorded from cells bathed inkg) and applications of hypertonic mannitol (130 mos-
mol/kg, with [Na1]o constant at 125 mM) could both a solution whose osmolality was 270 mosmol/kg (n 5
6) than when recorded from cells bathed in a solutioninduce inward currents at membrane potentials near
rest (265 mV), only osmotically evoked responses were of 290 mosmol/kg, in which a larger proportion of SIC
channels are active (Oliet and Bourque, 1993a, 1993b;associated with an effective increase in membrane con-
ductance. Figure 5C). Osmomechanical modulation of SIC channel
activity, therefore, can effectively modulate the ampli-The results of the experiments described above sug-
gest that changes in selective permeability and elec- tude of Na1-specific responses. We have previously
shown (Oliet and Bourque, 1996) that the probability oftrochemically driven Na1 flux through active SIC chan-
nels form the basis for Na1 detection in hypothalamic opening of single SIC channels can be reduced by the
lanthanide trivalent gadolinium (Gd31). This effect is notMNCs. If this hypothesis is correct, the amplitude of Na1-
dependent responses should increase under conditions due to a difference in osmomechanical gating but to a
specific reduction of the channel mean open time duein which the activity of SIC channels is enhanced and be
reduced when the SIC channels are inhibited or blocked. to channel block. The addition of Gd31 in the extracellular
solution therefore provides an opportunity to examineSince the probability of opening of SIC channels is en-
hanced by decreases in cell volume (Oliet and Bourque, the effects of reducing SIC channel activity indepen-
dently of osmomechanical effects. As illustrated in Fig-1993a, 1996; Bourque and Oliet, 1997), we compared
the effects of increasing [Na1]o before and after causing ure 5D, application of 100 mM Gd31 under voltage clamp
(VH 5 -68 mV, osmolality 5 290 mosmol/kg) provokeda reduction in cell volume by applying mild suction
Na1 Detection in Supraoptic Neurons
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Figure 5. Na1 Detection Depends on Steady-State Mechanosensi-
tive Conductance
(A) Whole-cell current responses (VH 5 268 mV) to isoosmotic in-
creases in [Na1]o from 125 to 145 mM. A reduction in cell volume
(data not shown) evoked by the application of 220 mm Hg to
the patch pipette (suction) reversibly enhanced the amplitude of the
Na1-evoked response. The baseline current was realigned to the
dashed line for comparison of Na1-evoked responses.
Figure 4. Na1 Detection in the Absence of Osmotic Stimulation (B) Bar histogram compares the mean (6 SEM) amplitude of currents
evoked by increasing [Na1]o from 125 to 145 mM before (control)(A) Whole-cell voltage recording showing the effects of increasing
and after (suction) inducing a decrease in cell volume with a 20 mm[Na1]o by 20 mM (bar). The osmolality of the solution was 290 mos-
Hg reduction of pipette pressure (asterisk, p , 0.05; paired t-test;mol/kg throughout.
n 5 4).(B) Whole-cell current responses to isoosmotic Na1 stimulation (120
(C) Bar histograms comparing the mean (6 SEM) amplitudes of themM; bar) recorded under voltage clamp (VH 5 268 mV). Large deflec-
currents evoked by increasing [Na1]o from 105 to 125 mM in cellstions (1±3) are current responses to voltage ramps (295 to 215 mV;
bathed in solutions with osmotic pressures of 270 (n 5 6) or 29016 mV/s).
(n 5 4) mosmol/kg; asterisk, p , 0.05.(C) The left panel shows the portion of the the I±V relations recorded
(D) Whole-cell current responses (VH 5 268 mV) to isoosmoticbetween 290 and 240 mV before (1), during (2), and after (3) the
increases in [Na1]o (120 mM; bar) are shown before and afterapplication of the Na1 stimulus shown in (B). The right panel shows
bath application of Gd31. Fluid osmolality was 290 mosmol/kgthe Na1-evoked current (2±1). Note the absence of voltage depen-
throughout.dency.
(D) The left panel shows I±V relations recorded from a single MNC
during either isoosmotic Na1 stimulation (left) or isonatremic hyper-
perturbations as small as 61% to maintain plasma os-tonic stimulation (right). Note that only the osmotic stimulus results
in a change of membrane conductance. molality near an ideal set point (≈292 mosmol/kg in rats).
Large fluctuations in the state of hydration, however,
can cause plasma osmolality to vary between as much
as 270 (e.g., during overhydration) and 330 (e.g., duringan outward current associated with a decrease in mem-
dehydration) mosmol/kg. Because they generally reflectbrane noise, consistent with a reduction in steady-state
the gain or loss of free water, osmotic perturbations areSIC channel activity (Oliet and Bourque, 1996). In the
normally accompanied by proportional changes in [Na1]presence of 100 mM Gd31, responses to isoosmotic in-
in the plasma and CSF. Deviations of 620 mosmol/kgcreases in [Na1]o were reduced to 12.5% 6 2.1% of
around the set point, for example, are routinely accom-control (mean 6 SD, n 5 2), a value comparable to
panied by changes in [Na1]o near 610 mM. More ex-the effects of the same concentration of Gd31 on the
treme values of [Na1]o, ranging from as low as 104 mMmacroscopic osmoreceptor current (17.5% 6 5.7%)
to as high as 184 mM, have been encountered in patients(Oliet and Bourque, 1996).
suffering from chronic hyponatremia (e.g., Verbalis,
1992) or hypernatremia (e.g., Halter et al., 1977), respec-
tively. The consequences of changes in [Na1]o betweenDiscussion
105 and 165 mM are therefore physiologically relevant.
Experiments in vivo have shown that changes in os-Under physiological conditions, neuroendocrine and be-
havioral osmoregulatory reflexes respond to osmotic molality (Thrasher et al., 1980) and CSF [Na1] (Olsson
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and Kolmodin, 1974) can individually modulate changes solution was reduced by the removal of mannitol. More-
over, the application of external Gd31 successfully inhib-in VP secretion in mammals. Moreover, parallel changes
in osmolality and [Na1]o enhance, whereas opposite ited Na1-dependent responses in all MNCs tested. Al-
though Gd31 is known to have effects on a variety ofchanges occlude, the effects of individual stimuli on VP
release (McKinley et al., 1978). Although observations ion channels (Elinder and Arhem, 1994), the effect of
100 mM Gd31 on responses to 20 mM increases in [Na1]osuch as these have led to the conclusion that MNCs are
under the dual control of central osmoreceptors and (87.5% inhibition) was equivalent to the inhibitory effect
of the same concentration on osmoreceptor currentsNa1 detectors (McKinley et al., 1978; Thrasher et al.,
1980), two important issues remained unknown. First, recorded from isolated MNCs (82.5% inhibition; Oliet
and Bourque, 1996). Taken together, these results pro-despite recent advances concerning the cellular basis
for osmoreception (e.g., Bourque and Oliet, 1997) and vide compelling evidence that the receptor currents un-
derlying Na1 sensitivity in MNCs flow through the mech-for salt taste reception (e.g., Lindemann, 1996; Lundy et
al., 1997), cellular transduction mechanisms of sufficient anosensitive cation channels underlying osmoreception.
sensitivity to detect low-milimolar changes in CSF [Na1]o
had not been described. In fact, whether osmoregula- Mechanism of Na1 Detection
tory neurons displayed any specific ability to detect The biophysical characteristics of the SIC channels un-
changes in [Na1]o has been controversial (Sayer et al., derlying osmoreception clearly allow them to operate as
1984; Sibbald et al., 1988; Vivas et al., 1990). Second, intrinsic molecular detectors of CSF [Na1]. Specifically,
although MNCs clearly represent the final common path- physiologically relevant increases in [Na1]o were found
way in the regulation of VP release (Leng et al., 1992; to enhance the relative Na1 permeability of the mecha-
Bourque et al., 1994), the neural locus and cellular basis nosensitive channels in a manner that amplifies resultant
for coincidental osmo-Na1 detection was unknown. changes in electrochemical driving force and current
flux across the membrane. The effects of changes in
[Na1]o were rapid and readily reversible (e.g., Figure 4),
Hypothalamic MNCs Are Na1 Sensitive suggesting that the mechanism by which [Na1]o modifies
The results of this study indicate that MNCs operate permeability more likely involves a physical change in
as intrinsic Na1 detectors. Thus, from initial membrane the environment of the pore than a labile modulatory
potentials near rest (≈265 mV; Armstrong et al., 1994), effect. From a theoretical perspective, a Na1-evoked
physiologically relevant increases or decreases in [Na1]o increase in PNa:PK could be due to an increase in absolute
elicited significant depolarizing and hyperpolarizing re- PNa, a decrease in absolute PK, or a combination of the
ceptor potentials, respectively. More importantly, the two. If the change in ionic flux resulting from an isoos-
receptor currents generated in response to changes in motic hypernatremia was exclusively due to an increase
[Na1]o exceeded those simply attributable to changes in PNa, one might expect the resulting inward current to
in electrochemical gradient across a fixed PNa:PK (Figure be associated with a measurable increase in conduc-
2E) and were significantly greater than those observed tance. The data in Figures 4C and 4D, however, show
in control neurons having a similar or greater input con- that this is not the case. Similarly, if a rise in [Na1]o
ductance (data not shown). Finally, it is worth noting caused an increase in absolute PNa, one should observe
that Na1-evoked changes in EREV were sustained for as an increase in the magnitude of Gosm evoked by a con-
long as the changes in [Na1]o could be delivered (10±60 stant hypertonic stimulus. Once again, the data obtained
min; data not shown). These results provide direct evi- (Figure 2F) indicate the absence of a relation between
dence for the existence of nonadapting Na1-sensitive Gosm and [Na1]o. Although the basis for the effect remains
neurons in the CNS. Whether Na1-sensitive neurons lo- to be determined, it is hard to escape the conclusion
cated in other osmoregulatory nuclei also contribute to that increases in [Na1]o must at least in part cause a
the regulation of MNCs remains to be determined. reduction in absolute PK. Concentration and mole frac-
tion dependence of ionic selectivity are common fea-
tures of channels comprising multi-ion single file pores
Stretch-Inactivated Cation Channels (Hille and Schwarz, 1979; PeÂ rez-Cornejo and Begeni-
as Detectors of [Na1]o sich, 1994; Yool and Schwarz, 1996). Further studies,
Receptor potentials or receptor currents evoked in however, will be required to establish if the SIC channels
MNCs by changes in [Na1]o were modulated by varying in MNCs indeed operate as multi-ion pores or whether
the contribution of the mechanosensitive cation chan- the binding of Na1 ions at an extracellular site is respon-
nels to the total input conductance of the cell. For exam- sible for the modulation of channel permeability.
ple, provoking a decrease in cell volume by applying
suction to the inside of a whole-cell patch pipette is Functional Role of Coincident Osmo-Na1 Detection
known to increase the probability of opening of the SIC In neurons expressing active SIC channels, isoosmotic
channels (Oliet and Bourque, 1993a). Under such condi- variations in [Na1]o produced significant Na1-specific
tions, the responses of MNCs to isotonic increases in receptor potentials in the absence of any noticeable
[Na1]o were reversibly enhanced. Conversely, depolariz- change in membrane conductance (Figure 4). In con-
ing responses to isotonic increases in [Na1]o were atten- trast, application of hyperosmotic stimuli in the presence
uated or occluded when steady-state SIC channel activ- of constant [Na1]o provoked osmoreceptor currents asso-
ity was reduced by expanding the volume of the cell ciated with proportional increases in membrane con-
with positive pressure applied to the inside of the patch ductance (Figures 2A and 4D), as shown previously (Oliet
and Bourque, 1993a and 1993b). Although experimentspipette (data not shown) or when the osmolality of the
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either excess NaCl or mannitol. Experiments requiring isotonichighlighting the individual osmotic- and Na1-specific
changes in [Na1]o were done by applying solutions in which mannitolresponses were important for analytical purposes, ex-
was removed (high-Na1 solution) or added (low-Na1 solution) toperiments combining the two stimuli were most informa-
maintain a constant fluid osmolality.
tive from a functional perspective. Indeed, when applied
from a membrane potential near rest, hypertonic stimuli Whole-Cell Recording
evoked larger depolarizing receptor potentials and Recordings of whole-cell current or voltage (except for dual-patch
stronger excitatory responses when the excess solute recordings, as described below) were made using pipettes (2±5 MV)
filled with a solution (pH 7.15) comprising (in mM): K-gluconate, 150;was NaCl than when it was mannitol (Figure 1). Electro-
MgCl2, 1; HEPES, 10; EGTA, 1.6; and NaCl, 3. Voltages measuredphysiological measurements from single isolated MNCs
in solutions comprising 105, 125, 145, and 165 mM [Na1] were cor-in vitro, therefore, provide a functional basis for the ef-
rected for junction potentials of 210, 28, 27, and 26 mV, respec-
fects of systemic and intracerebrovascular solute infu- tively.
sions on VP release and diuresis observed in vivo (Ols-
son and Kolmodin, 1974; Halter et al., 1977). Dual-Patch Recording
Cell-attached recordings (,3 KHz) were made using pipettes filled
with a solution (pH 7.35) containing (in mM): NaCl, 105, 125, or 165;Conclusion
KCl, 3; MgCl2, 1; HEPES, 10; 4-aminopyridine, 5; tetraethylammo-The concerted detection of changes in CSF osmolality
nium Cl, 10; TTX, 0.001; and kynurenic acid, 1. Changes in pipette
and [Na1]o in situ can occur at the level of single osmo- pressure were effected through a hand-held syringe attached to the
regulatory neurons and is mediated by the biophysical side port of the pipette holder and monitored through a U-shaped
properties of the mechanosensitive ion channels re- water manometer. Pipette current was digitized at 20 KHz and fil-
tered at 3 KHz prior to analysis. Trans-patch holding potential (VH)sponsible for osmoreception (Oliet and Bourque, 1993a).
was calculated as VH 5 Vcell 2 Vpipette. As illustrated in the inset toThus, the expression of Na1-specific receptor potentials
Figure 3A, Vcell was measured through a separate whole-cell elec-is conditional on the presence of steady-state channel
trode filled with a solution (pH 7.15) comprising (in mM): K-gluconate,
activity. Conversely, although osmotic stimuli effectively 110; HEPES, 10; MgCl2, 1; EGTA, 1; and NaOH, 2. All dual-patch
regulate SIC channel activity (Oliet and Bourque, 1993a, recordings were made while cells were being perfused with the 145
1993b), changes in [Na1]o modify the EREV of the cationic mM Na1-containing HEPES solution described above. Whole-cell
voltage was corrected for a junction potential of 25 mV.current and thereby modulate the effectiveness of os-
momechanical stimuli on membrane potential and neu-
Statistical Analysisronal excitability. This conditional interplay between
All results are expressed as mean 6 SEM or mean 6 SD (as indi-mechanical gating and Na1-regulated permeability pro-
cated). Comparisons of the means between groups were made usingvides a cellular basis for the dual regulation of central
a paired t-test (paired data), or one-way or two-way analysis of
osmoregulatory neurons by CSF [Na1] and osmolality variance (ANOVA; Sigmastat 2.1, Jandel). Differences between the
(McKinley et al., 1978). Whether additional convergence means were considered significant when p , 0.05. Where differ-
ences were found, Tukey's test for multiple comparisons was per-is provided by synaptic afferents derived from other
formed post hoc to identify specific differences (p , 0.05).Na1-sensitive sites (Sibbald et al., 1988; Leng et al.,
1989; Vivas et al., 1990; Bourque et al., 1994; Richard
Acknowledgmentsand Bourque, 1995) remains to be determined.
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